Objectives The Canadian National Advisory Committee on Immunization (NACI) recommends use of 13-valent pneumococcal conjugate vaccine and 23-valent pneumococcal polysaccharide vaccine in a sequential schedule (PCV13 → PPV23) among adults aged ≥ 65 years and those aged ≥ 18 years who are immunocompromised. In light of recent PCV13 efficacy data from the Community-Acquired Pneumonia Immunization Trial in Adults (CAPiTA), and new sero-epidemiology data on communityacquired pneumonia (CAP), we examined the economic implications of funding an expanded adult pneumococcal immunization program in Canada. Methods A microsimulation model depicting expected lifetime risks, consequences, and costs of invasive pneumococcal disease (IPD) and CAP was developed. PPV23 effectiveness was based on published literature, and PCV13 effectiveness was based on CAPiTA; all other model parameters were based on published data or secondary sources. Herd effects from the PCV13 pediatric program were considered. Outcomes and costs were evaluated assuming use of PPV23 alone, and alternatively, use of PCV13 → PPV23 among (1) all adults aged ≥ 65 years (n = 5.4 M) and (2) immunocompromised and high-risk adults aged ≥ 65 years (n = 3.0 M). Results For population no. 1, PCV13 → PPV23 reduced IPD cases by 1100, CAP cases by 7000, and disease costs by $135.8M; vaccination costs increased by $254.3M, and cost per QALY gained was $35,484. For population no. 2, PCV13 → PPV23 reduced IPD cases by 900, CAP cases by 6000, and disease costs by $120.3M; vaccination costs increased by $149.8M, and cost per QALY gained was $10,728. Conclusion Expanding use of PCV13 → PPV23 by funding PCV13 among Canadian adults aged ≥ 65 would be a cost-effective use of healthcare resources.
Introduction
Streptococcus pneumoniae (pneumococcus) is the leading cause of bacteremia, meningitis, and bacterial pneumonia in children and adults. Invasive pneumococcal disease (IPD)-including bacteremia and meningitis-is most common in the very young, the elderly, and specific risk groups, such as immunocompetent persons with chronic diseases (high risk) and those with immunocompromising conditions. Pneumococcal community-acquired pneumonia (CAP) can be both invasive and non-invasive; noninvasive/non-bacteremic pneumococcal pneumonia (NBPP) is more common but is difficult to diagnose.
Recent advances in diagnostic methods have been used to demonstrate the significant burden of NBPP in Canada (McNeil et al. 2014a, b) , and to demonstrate the efficacy of the 13-valent pneumococcal conjugate vaccine (PCV13) against NBPP in the Community-Acquired Pneumonia Immunization Trial in Adults (CAPiTA) (Bonten et al. 2014) . CAPiTA was a double-blind, randomized, placebo-controlled vaccine efficacy trial that enrolled approximately 85,000 immunocompetent subjects aged ≥ 65 years in the Netherlands. The primary objective of CAPiTA was to evaluate the efficacy of PCV13 against first episode of vaccine-type pneumococcal CAP; secondary objectives were to evaluate the efficacy of PCV13 against the first episode of vaccine-type NBPP and the first episode of vaccine-type IPD.
To reduce the burden of pneumococcal disease in Canada, the National Advisory Committee on Immunization (NACI) recommends use of PCV13 and the 23-valent pneumococcal polysaccharide vaccine (PPV23) in a sequential schedule (PCV13 → PPV23) among adults aged ≥ 65 years and adults aged ≥ 18 years who are immunocompromised (National Advisory Committee on Immunization 2013 Immunization , 2016 . Provincial and Territorial immunization programs generally follow NACI recommendations, but require provincial vaccine advisory committee recommendations before Ministry of Health approval of funding and implementation (Alberta Health 1995 -2014 ; Communicable Disease Control. Manitoba's Immunization Program 2014; Department of Health
The economic implications of funding the sequential vaccination schedule (i.e., PCV13 → PPV23) in a broader population of Canadian adults are, however, currently unknown. While the findings of several recent evaluations indicate that adult use of PCV13 (i.e., either use of PCV13 alone or sequential use prior to PPV23) has a reasonable cost-effectiveness profile, these studies were based on epidemiologic and economic inputs from other countries and thus may not be reflective of the Canadian experience (Van Hoek and Miller 2016; Blommaert et al. 2016; Stoecker et al. 2016; Rodriguez Gonzalez-Moro et al. 2016; De Wals et al. 2016; Hoshi et al. 2015; Mangen et al. 2015) . Therefore, in consideration of new efficacy data from CAPiTA, existing NACI and provincial vaccine advisory committee recommendations, and current funding for PCV13 and PPV23, an evaluation was undertaken to assess the cost-effectiveness of sequential use of PCV13 and PPV23-compared with PPV23 alone-in Canadian adults. Two alternative segments of the population were considered: (1) all adults aged ≥ 65 years at model entry and (2) immunocompromised and high-risk adults aged ≥ 65 years at model entry.
Methods

Model description
The model utilizes a microsimulation framework and a Markov-type process to depict expected lifetime risks, consequences, and costs of IPD and all-cause pneumonia, as well as the expected impact of vaccination, in the targeted populations of Canadian adults (Online Supplement-Model Schematic). Upon model entry, each person's age (in oneyear increments), risk profile (i.e., low risk [immunocompetent without chronic comorbidities], high risk [immunocompetent with ≥ 1 chronic comorbidity], or immunocompromised), and history of vaccination with PPV23 are assigned. Persons may transition to a higher risk group during the modeling horizon based on age-specific probabilities of developing new chronic medical conditions (low to high) or new immunocompromising conditions (low to immunocompromised, high to immunocompromised). Persons may receive PPV23, PCV13 → PPV23, or neither vaccine strategy at model entry; vaccine coverage may vary by age, risk profile, and vaccination history.
Expected clinical outcomes and economic costs are estimated for each person on an annual basis, based on age, risk profile, vaccination status, vaccination strategy (i.e., PPV23 or PCV13 → PPV23), and time since vaccination. IPD is stratified by condition (bacteremia vs. meningitis), and all-cause pneumonia is stratified by setting of care (inpatient vs. outpatient) . Persons vaccinated at model entry or subsequently-or prior to model entry-may be at lower risk of future IPD and all-cause pneumonia. The magnitude of vaccine-associated risk reduction depends on clinical presentation (i.e., IPD or all-cause pneumonia), as well as the vaccine(s) administered, time since vaccination, age, and risk profile. Risk of death from IPD, all-cause pneumonia requiring inpatient care, and other causes (i.e., other than IPD and all-cause pneumonia) depends upon age and risk profile.
Expected costs of medical treatment for IPD and all-cause pneumonia are generated based on unit costs in relation to the setting of care (i.e., inpatient vs. outpatient), age, and risk profile. Costs of vaccination-including vaccine cost and administration-are tallied at model entry and at the time of subsequent vaccinations, as appropriate. Clinical outcomes and economic costs are projected over remaining years of life for each person in the model population for the vaccination strategies considered, and include numbers of cases of IPD (bacteremia and meningitis) and all-cause pneumonia (inpatient and outpatient), deaths due to IPD and all-cause pneumonia, life-years (unadjusted and quality-adjusted), costs of medical treatment for IPD and all-cause pneumonia, and costs of vaccination.
Model estimation
Rates of disease, vaccine effectiveness, case-fatality rates, utilities, and disease-specific costs were estimated for agespecific (18-49, 50-64, 65-74, 75-84 and 85-99 years) and risk-specific (low risk, high risk, immunocompromised) subgroups based on data from published and secondary sources, and from these point-estimates, techniques of linear interpolation and extrapolation were used to project values for all ages in one-year increments. Rates of all-cause pneumonia requiring inpatient care and invasive disease (i.e., bacteremia and meningitis) were derived from the Canadian Institute for Health Information (CIHI) (Chiltern/OXON 2011) and were adjusted (i.e., reduced) to account for expected herd effects from the PCV13 pediatric program. The latter were estimated based on observations from the PCV7 experience in Canada over the past decade; the percentage of all-cause pneumonia attributable to PCV13 serotypes was assumed to decline from 8% in year 1 of the modeling horizon to 2% in year 5 (and beyond).
Costs of inpatient care for bacteremia, meningitis, and allcause pneumonia were based on data from the CIHI and the Ontario Case Costing Initiative Database (OCCI, Ontario Case Costing Initiative 2016). For all-cause pneumonia, the cost of hospitalization was assumed to be the same irrespective of the causative pathogen (i.e., for pneumococcal and non-pneumococcal pneumonia). While the assumed unit costs are higher than those for all-cause pneumonia reported elsewhere, they are largely consistent with estimates for pneumococcal pneumonia from other sources (OCCI, Ontario Case Costing Initiative 2016) (Ontario Case Costing Initiative Database), which was deemed to be appropriate given the focus of this evaluation (i.e., on the prevention of pneumococcal pneumonia). We also note that the assumed unit costs for pneumonia requiring inpatient care are comparable to those reported in a recent Canadian evaluation of hospitalizations for influenza, in which the authors concluded that the cost of such hospitalizations is higher than previously reported (Ng et al. 2017) . Medical costs of all-cause pneumonia requiring outpatient care only were based on the study by Morrow et al., adjusted for inflation (Morrow et al. 2007 ). The price of PPV23 was set at $11.00 per dose, which was based on 2016 IMS data and an assumed discount to approximate the confidential government contract price. The price used for PCV13 was the Pfizer confidential contract price, which is markedly higher than that for PPV23. Vaccine administration cost ($15.59) was based on published data (Skowronski et al. 2006) .
A detailed description of methods employed to estimate all model parameter values is set forth in the online supplement (Online Supplement-Methods of Model Estimation), along with a table listing all measures, parameters on which all such measures were based (in full or in part), and corresponding sources/assumptions (Online Supplement-Listing of Measures, Parameters, and Sources/Assumptions). A summary of key model parameter values is provided in Tables 1 and 2 .
Analyses
Base-case: Clinical outcomes and economic costs were projected over the lifetime for two alternative populations: all persons aged ≥ 65 years at model entry (n = 5.4M), and immunocompromised and high-risk persons aged ≥ 65 years (n = 3.0M) at model entry. For each of these populations, outcomes and costs were evaluated under two vaccination strategies: use of PPV23 and, alternatively, use of PCV13 → PPV23 among persons in the populations of interest. Vaccination rates were assumed to vary by age and risk, as follows: age 65-74 years, low risk-44%; age 75-99 years, low risk-65%; age 65-74 years, high-risk/immunocompromised-60%; age 75-99 years, high-risk/immunocompromised-65% (Public Health Institute of Quebec 2014).
Clinical outcomes and economic costs were simulated a total of 500 times, and each simulation included a population of 7.5 million persons (an approximate minimum number of persons required to produce stable results for all model outcomes in each age and risk group for each given vaccination strategy). Model populations were standardized to reflect the age, risk profile, and size of the Canadian populations of interest. Analyses were conducted from the perspective of the Canadian healthcare system; accordingly, only direct costs associated with the provision of medical care for IPD and all-cause pneumonia, and the costs of vaccination, were considered. Costs (2014 CAN$) and life-years were discounted at a 5% annual rate (Canadian Agency for Drugs and Technologies in Health 2006) . Sensitivity: One-way deterministic sensitivity analyses were undertaken to evaluate the potential impact of parameter value uncertainty on study results. In these analyses, key model parameter values were varied, each in turn, as follows: percentage of PCV13-type all-cause pneumonia in year 1 of modeling horizon assumed to be 5% and, alternatively, 10%; cost of hospitalization for all-cause pneumonia assumed to be 50% of base-case values; VE-PCV13 against NBPP in years 1-5 of modeling horizon, assumed to be 14% and, alternatively, 65% based on corresponding 95% confidence interval from CAPiTA (Bonten et al. 2014) ; durability of PCV13, assumed to persist at initial level for 8 years (assumption); herd effect on adult IPD rate assumed to be lower by 50% in each year of the modeling horizon (assumption); disutilities associated with IPD and all-cause pneumonia, based on values used in economic evaluations by Smith et al. (2012 Smith et al. ( , 2013 . Probabilistic sensitivity analysis (n = 500 replications) was employed to account for uncertainty surrounding disease rates and costs, case-fatality rates, and vaccine effectiveness and other key model parameters in estimation of clinical outcomes, economic costs, and incremental cost-effectiveness ratios.
Results
All persons aged ≥ 65 years
Base-case analysis: With use of PPV23 alone, the expected lifetime numbers of cases of disease among all persons aged ≥ 65 years at model entry (n = 5.4 million) totaled: IPD, 10,000; all-cause pneumonia requiring inpatient care, 1,735,000; and all-cause pneumonia requiring outpatient care only, 707,000 (Table 3) . Expected lifetime medical care costs totaled $25.0 billion and vaccination costs $82.9 million. With use of PCV13 → PPV23, the expected lifetime numbers of cases of disease in this same population totaled: IPD, 8900; all-cause pneumonia requiring inpatient care, 1,730,000; and all-cause pneumonia requiring outpatient care only, 705,000. Expected lifetime medical care costs totaled $24.9 billion, and vaccination costs, $337.2 million.
Accordingly, the use of PCV13 → PPV23 would reduce: expected lifetime cases of IPD by 1100; expected lifetime cases of pneumonia requiring inpatient care by 4800; expected lifetime cases of pneumonia requiring outpatient care by 2200; expected total disease-related deaths by 1000; and expected lifetime total medical care costs by $135.6 million. Total vaccination costs, however, would increase by $254.3 million, and thus total overall costs would be higher by $118.7 million. Table 1 Estimates of population size, disease rates, case-fatality rates, and associated costs* Age/risk profile Requiring inpatient care Bacteremia $44, 747 $54, 174 $55, 061 $44, 627 $50, 514 $58, 934 $33, 023 $44, 980 $46, 954 $35, 465 $41, 857 $46, 355 $33, 487 $45, 442 $42, 628 Meningitis $25, 604 $30, 998 $31, 505 $25, 535 $28, 904 $33, 721 $22, 960 $31, 273 $32, 645 $24, 658 $29, 101 $32, 229 $23, 282 $31, 594 $29, 638 ACP c $14, 605 $16, 556 $21, 403 $14, 098 $16, 001 $21, 845 $17, 347 $19, 750 $25, 591 $16, 555 $20, 234 $24, 665 $16, 691 $20, 537 $23, 294 Requiring outpatient care only ACP $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00 $11.00
Cost per QALY gained (healthcare system perspective) would be $35,484. Sensitivity analyses: In all one-way deterministic sensitivity analyses, with two exceptions, cost per QALY gained with PCV13 → PPV23 (vs. PPV23 alone) was less than the presumed maximum willingness to pay (WTP $50,000); when assuming the cost of hospitalization for all-cause pneumonia was lower by 50%, cost per QALY gained was $56,307, and when assuming effectiveness of PCV13 against vaccine-type NBPP was 14% (instead of 45%, based on the CAPiTA study), cost per QALY gained was $92,992 (Fig. 1) . In probabilistic sensitivity analyses, 49% of the 500 simulations generated cost-effectiveness ratios for PCV13 → PPV23 (vs. PPV23 alone) that were located in the northeast quadrant of the scatter plot and were less than the maximum WTP; an additional 22% of the simulations generated ratios that were located in the northeast quadrant but were higher than the maximum WTP (Fig. 2 ).
Immunocompromised and high-risk persons aged ≥ 65 years
Base-case analysis: With use of PPV23 alone, the expected lifetime numbers of cases of disease among immunocompromised and high-risk persons aged ≥ 65 years at model entry (n = 3.0 million) totaled as follows: IPD, 7400; all-cause pneumonia requiring inpatient care, 1,209,000; and all-cause pneumonia requiring outpatient care only, 503,000. Expected lifetime medical care costs totaled $18.6 billion, and vaccination costs, $48.8 million. With use of PCV13 → PPV23, the expected lifetime numbers of cases of disease in this same population totaled as follows: IPD, 6500; all-cause pneumonia requiring inpatient care, 1,205,000; and all-cause pneumonia requiring outpatient care only, 501,000. Expected lifetime medical care costs totaled $18.5 billion, and vaccination costs, $198.6 million.
Accordingly, the use of PCV13 → PPV23 would reduce: expected lifetime cases of IPD by 900; expected lifetime cases of pneumonia requiring inpatient care by 4100; expected lifetime cases of pneumonia requiring outpatient care by 1900; expected total disease-related deaths by 1000; and expected total lifetime medical care costs by $120.3 million. Total vaccination costs, however, would increase by $149.8 million, and thus total overall costs would be higher by $29.5 million. Cost per QALY gained (healthcare system perspective) would be $10,728.
Sensitivity analyses: In all one-way deterministic sensitivity analyses, with one exception, PCV13 → PPV23 was either dominant versus PPV23 alone or was associated with a cost per QALY gained that was less than the maximum WTP; when assuming effectiveness of PCV13 against vaccine-type NBPP was 14% (instead of 45%, based on the CAPiTA study), cost per QALY gained was $54,131. In probabilistic sensitivity analyses, 82% of the 500 simulations generated cost-effectiveness ratios The price of PPV23 was set at $11.00 per dose, which was based on 2016 IMS data and an assumed discount to approximate the confidential government contract price for PCV13 → PPV23 (vs. PPV23 alone) that were located in the northeast quadrant of the scatter plot and were less than the maximum WTP; an additional 6% of simulations generated ratios that were located in the southeast quadrant of the scatterplot (i.e., lower costs and higher QALYs).
Discussion
An evaluation was undertaken to assess the cost-effectiveness of PCV13 → PPV23-compared to PPV23 alone-in Canadian adults. Our findings indicate that implementation of an b Based on vaccine waning only; does not reflect changing serotype coverage over time expanded vaccination program in both evaluated groups (i.e., all adults aged ≥ 65 years and immunocompromised/high-risk adults aged ≥ 65 years, respectively) would reduce the number of cases of pneumococcal disease and pneumococcal-related deaths and would be a cost-effective use of resources from the Canadian healthcare system perspective. These findings were projected assuming reasonable values for several key model parameters and were robust when varying key model parameters in deterministic and probabilistic sensitivity analyses. We note that the cost-effectiveness of expanding vaccination to include high-risk adults aged ≥ 65 years is favourable relative to expanding vaccination to include high-risk and low-risk adults aged ≥ 65 years. For each dollar spent vaccinating high-risk (vs. low-risk) persons, the numbers of cases and deaths prevented, and the associated cost offsets, are higher and thus value is greater. We also note, however, that such benefits must be evaluated against the effectiveness of broad age-based recommendations (vs. age-and risk-based recommendations) in attaining higher vaccine coverage levels, and that when including the low-risk population, the incremental costeffectiveness ratio remained acceptable by conventional standards. We also note that notwithstanding differences in model structure, model population, methods of model estimation, and vaccination strategies, our conclusions are largely consistent with those from recent evaluations in which adult PCV13 use was found to have a reasonable cost-effectiveness profile based on current disease epidemiology (Van Hoek and Miller 2016; Blommaert et al. 2016; Stoecker et al. 2016; Rodriguez Gonzalez-Moro et al. 2016; De Wals et al. 2016; Hoshi et al. 2015; Mangen et al. 2015) . A limitation of this assessment is the uncertainty surrounding some of the parameter estimates. The areas of greatest uncertainty are the incidence rate of vaccine-type pneumonia in Canada, the assumed effectiveness of vaccination with PPV23 against IPD and all-cause pneumonia in older adults, and the persistency of vaccine benefits. For this analysis, the proportion of all-cause pneumonia caused by vaccine types was 8.0% among adults aged ≥ 65 years (personal communication Dr. McNeil 2015) . However, this proportion is dependent on diagnostic methods used and is likely conservative (personal communication Dr. McNeil, submitted for publication).
Available data on levels and duration of PPV23 effectiveness against IPD among immunocompetent persons, on an overall basis, as well as by age, risk, and time since receipt, are currently limited. We therefore utilized published figures from a cost-effectiveness study that incorporated expert opinion and data from a pivotal casecontrol study as well as assumptions from other modeling exercises (Smith et al. 2008; Shapiro et al. 1991) . There is evidence to suggest that the duration of protection conferred by PPV23 against IPD may be much shorter than that assumed in our evaluation based on data from the UK Health Protection Agency (Andrews et al. 2012) . For PPV23 effectiveness against IPD in immunocompromised persons, we assumed the vaccine conferred little benefit in persons aged 50-64 years and no benefit in persons aged ≥ 65 years, consistent with a meta-analysis of relevant trial data, data from other studies, and assumptions employed in other modeling exercises (Smith et al. 2008; French et al. 2000; World Health Organization 2008; Fry et al. 2002) . For PPV23 effectiveness against all-cause pneumonia, we assumed the vaccine conferred no benefit, consistent with the findings of recent metaanalyses (Kraicer-Melamed et al. 2016a, b; SchiffnerRohe et al. 2016) . Fig. 1 One-way deterministic sensitivity analyses for cost per QALY gained with PCV13 → PPV23 vs PPV23 alone For PCV13, estimates of effectiveness were based primarily on the CAPiTA trial (Bonten et al. 2014) . Assumptions regarding the rate of change in PCV13 effectiveness by age and time since receipt were based on data for PPV23, and effectiveness in immunocompromised persons was estimated from a single trial of children with HIV and children without HIV in South Africa (Klugman et al. 2003) . The duration of PCV13 efficacy beyond follow-up in CAPiTA is unknown. Because PCV13 elicits a T-celldependent immune response, we assumed the waning to be half that of PPV23 after the stable efficacy period extending through the end of the 5-year period following receipt (Smith et al. 2008; Shapiro et al. 1991; Andrews et al. 2012) . Assumptions underlying PCV13 effectiveness were evaluated in one-way deterministic sensitivity analyses, which yielded results largely comparable to those from base-case analyses. Moreover, we note that CAPiTA was a clinical efficacy study and thus was not subject to the vagaries of clinical practice. Accordingly, vaccine efficacy findings from CAPiTA may not be fully reflective of vaccine effectiveness in clinical practice.
Another area of parameter uncertainty is the estimated incidence of IPD and all-cause pneumonia among adults of all ages, not only current levels but also future levels of disease that may be prevented with vaccination. Rates of disease-estimated using nationally representative sources-were adjusted for projected herd effects from widespread use of PCV13 in children. The extent to which herd effects will impact future rates of vaccine-type disease are, however, largely unknown at this time. We note that assumptions employed in base-case analyses were conservative, assuming levels of vaccine-preventable disease to be low at model entry and to further decline over the subsequent years of the modeling horizon, and that these assumptions were explored in one-way deterministic sensitivity analyses. In addition, this study included only the acute (short-term) costs, but pneumonia has been found to have a significant impact on long-term morbidity and mortality, particularly among older adults; the true cost of pneumonia to the Canadian healthcare system was most likely underestimated (Eurich et al. 2015; Dharmarajan et al. 2013; Sandvall et al. 2013; Wasser et al. 2013 ). We did not consider vaccine-related adverse events in our analyses as the safety profiles of PCV13 and PPV23 have been reported to be similar, and serious adverse events associated with PCV13 and PPV23 vaccination are uncommon (Jackson et al. 2013a, b; Khoie et al. 2011; Stoecker et al. 2016) . Finally, our model, like all simulation models, simplifies reality to some extent. Our model does not, for example, Fig. 2 Scatterplots and acceptability curves for cost per QALY gained with PCV13 → PPV23 vs PPV23 alone take into account serotype replacement over time. Also, while our model accounts for indirect epidemiologic effects of childhood PCV13 vaccination, our model does not account for indirect epidemiologic effects of adult PCV13 vaccination (due to uncertainty regarding the precise nature of the relationship between vaccine coverage and the magnitude of such indirect effects), which undoubtedly confers a conservative bias against the benefits of vaccination.
Conclusion
Most Canadian provinces and territories fund PPV23 for the prevention of pneumococcal disease in adults aged ≥ 65 years, immunocompetent adults with ≥ 1 risk factor, and adults with immunocompromising medical conditions. Some Canadian provinces and territories also fund sequential use of PCV13 and PPV23 for adults with immunocompromising medical conditions. Despite these efforts, the clinical burden of pneumococcal disease among Canadian adults remains substantial, especially among older adults who are more vulnerable and have more complex comorbidity profiles that put them at higher risk of disease. The results of this research suggest that implementing a comprehensive immunization program with PCV13 followed by PPV23 (in lieu of PPV23 alone) for the prevention of pneumococcal disease among all Canadian adults aged ≥ 65 years (especially those who are immunocompromised or at high risk) would be a costeffective use of healthcare resources.
